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The activity of crude human epidermal transglutamin-
ase was enhanced remarkably following 24 hr preincu-
bation at low pH (pH 4.5), whereas the pure human 
epidermal trans glutaminase did not show enhancement 
of enzyme activity at low pHs. Preincubation of pure 
transglutaminase with rat liver lysosomal fractions (~"O 
p.g/ml) caused a time-dependent enhancement of activity 
at pH 4.5, up to 4 .5 times of the initial activity. 
This enhancement was specific for lysosomal fractions 
aDlong the several rat liver subcellular fractions tested. 
The activity of purified transglutaminase stimulated by 
lysosomal fractions was inhibited by pepstatin (50 p.g/ 
ml), chymostatin (50 /Lg/ml) and EDTA (1 ruM). Preincu-
bation of purified transglutaminase with 5 to 100 p.g/ ml 
cathepsin D caused a time-dependent enhancement of 
activity up to 9.5-fold over control. This enhancement 
w-as specific for cathepsin D among the several lysoso-
Ulal enzymes tested. These in vitro observations suggest 
possible activation mechanisms of epidermal transglu-
talllinase in vivo. Epidermal transglutaminase may be 
activated by lysosomal acid proteinases, such as cathep-
sin Bl and cathepsin D, which are released and activated 
during the autolytic stages in granular layer in epider-
Ulis. 
Human epidermal transglutaminase (TGase) is one of th e 
calcium requiring enzymes which catalyze the form atio n of 
intermolecular E- (y-glutamyl) lysine bonds in ma ny structural 
proteins. Ogawa and Goldsmith described the purification of 
human epidermal TGase and some of its properties [1,2]; in 
those studies the activity of pme TGase was enhanced by 
treatment of the enzyme with dimethylsulfoxide or by heating 
at 56°C in t he presence of calcium. Abernethy, Hill, and Gold-
smith demonstrated that protein aggregates containing E-(y-
glutamyl) lysine bonds were identified in m ea-thiol extractable 
proteins of human stratum corneum [3]. In the sam e year, Rice 
and Green showed t hat E- (y-glu tamyl) lysine bonds were con-
tained in SDS-dithiothreitol insoluble proteins lining the inner 
membrane of keratinocytes in cell culture [4]. More recently, 
Buxman, Lobitz, and Wuepper [5] described the purification of 
soluble substrate (Mr = 36,000) for bovine snout epidermal 
TGase a nd investigated that this substrate was cross-linked by 
TGase with 70-80% efficiency into a series of high molecular 
weight soluble po lymers a nd a highly insoluble protein aggre-
gate. From these studies, it is apparent that TGase plays an 
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important role in the stabili ty of structural proteins in mem-
branes of keratinocytes dw-ing terminal epidermal differentia-
tion. In this paper, we describe t he effect of pH, subcellular 
fract ions and some lysosomal enzym es on TGase activity. 
MATERIALS AND METHODS 
Callus was obtained from human hyperkeratotic soles. [1 ,4 - "C] 
pu trescine and Aquasol-II were pW'chased from New E ngland Nuclear 
(Boston, Mass.). Putrescine dihydrochloride was obtained from Tokyo 
Kasei Kogyo Co. Ltd. (Tokyo, Japan) and Triton WR-1339 from 
Na karai Chemicals, Ltd. (Kyoto, Japan) . .B-glucuronidase, acid phos-
phatase, cathepsin C, cathepsin D, elastase, soybean trypsin inhibi tor 
(SBTI), phenylmethylsul fonyl fluoride (PMSF), ethylenediaminetet-
raacetic acid (EDTA) were from Sigma Chemical Co. (St. Louis, Mo.). 
Leupeptin, pepstatin, chymostatin were from Protein R esearch Foun-
dation (Osaka, J apan). 
Disti lled and deionized water (DDW) was used throughou t, and salts 
a nd other reagents were of the highest grades available. Adul t male 
ra ts of Wister stratins weighing 250-300g were obtained from the 
vivarium of Juntendo .University (Tokyo, J apan) . 
Preparation of Rat Liver Lysosomes 
Rat liver lysosome fraction was prepared by the method of Leighton 
el al [6]. Three male rats (Wister stra in, 250-300 gm, 10-1 2 weeks old) 
were inj ected intraperitonea lly with Triton WR-1339 at the dosage of 
85 mg per 100 gm body weigh t 3 days before being killed. Liver were 
quickly taken out, perfused with 0.25 M sucrose, weighed, minced and 
homogenized in 0.25 M sucrose (1:9, W I V). The lysosome fraction was 
separated on sucrose density gradient [6]. T he lysosomes obtained were 
identified by electron microscopy and by means of mru'ker enzymes 
such as .B-glucuronidase [EC 3.2.1.31], acid phosphatase [EC 3.1.3.2] 
a nd cathepsin D [3.4.23.5]' .B-glucuronidse [7], acid phosphatase [8] and 
cathepsin D [9] were assayed by the standard methods. 
Purification of TGase and Assay for TGase 
TGase was purified from 10 gm of plantar stratum corneum of one 
person by the method of Ogawa and Goldsmith [1]. T he radioactive 
assay for TGase was based on the incorporation of [1,4 - I·C] pu trescine 
in to casein at pH 9.5 by the method previously described [1,10). Fifty 
~tl of a n enzyme preparation were added to 0.5 ml of the assay mixture 
(pH 9.5) and incubated at 37°C for 30 min. An enzyme uni t was defined 
as the amount of enzyme that catalized the incorporation of 1 nmol of 
putrescine into casein in 30 min. An enzyme uni t was defined as the 
amount of enzyme that catalized the incorporation of 1 nmol of pub'es-
cine in to casein in 30 min. The specific activity of pru·tial pmified 
enzyme recovered as a single peak from DEAE-cellulose was 17.5 uni ts/ 
mg of protein, which we used as crude enzyme. T he specific activity of 
purified enzyme was 397.0 uni ts/ mg of protein, which is in good agree-
ment with the previous report [2). All activities were the mean values 
of triplicate determinations using the crude or pmified enzyme prepa-
ration. Variation between triplicate samples was less than 10%. Protein 
was measured by the technique of Lowry et al [11], with bovine serum 
albumin as a standru·d. 
The effect of pH on crude a nd purified TGase activ ities were assayed 
as fo llows: Fifty J.Ll of crude or purified TGase solu t ion conla ining 1 mM 
EDTA and 10 mM CaCh was preincubated in 450 It! of buffers of various 
pH (10 mM sodium/ acetate buffer, pH 3.5-4.5; 10 mM Tris/ acetate 
buffer, pH 5.5-8.5; 10 mM Glycine/ NaOH buffer, pH 9.5-10.5) at 37°C 
in a shaking water bath fo r 24 hI'. 50 It! of these reaction mixtures were 
then assayed for TGase activity. 
Activity of Purified TGase 
PlIl'ified TGase was preincubated with lysosomal fraction in various 
pH buffers and the activit ies were measured by standru'd enzyme assay 
system at pH 9.5. Fifty III of each TGase solu tion containing I mM 
EDTA and 10 mM CaCb was added in 450 It! of buffers (pH 3.5-10.5) 
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containing 100 Ilg/ml of lysosomal fraction and incubated 3 hJ" at 3rC 
prioJ" to the assay. Control samples were treated identically without 
adding lysosomal fraction. 
The effect of concentration of lysosomal fraction was assessed with 
o to 1000 Ilg/ml of lysosomes at pH 4.5. 
The effect of various proteinase inhibitors on pmified TGase were 
assessed as follows: The various proteinase inhibitors and pmified 
TGase in the same buffer (pH 4.5) were preincubated 3 hJ" at 37°C prior 
to t he assay with or without lysosomal fraction (l00 Ilg/ ml) . The 
following proteinase inhibitors were added in each of 50 III assay 
mixtures; SBTI (100 Ilg/ ml) , PMSF (1 mM), Leupeptin (50 Ilg/ml) , 
Pepstatin (50 Ilg/ml) , Chymostatin (50 Ilg/ml) and EDTA (l mM). 
The effect of several lysosomal enzymes on purified TGase were 
assessed as follows: The effect of fo llowing lysosomal enzymes; fJ-
glucuronidase, acid phosphatase, cathepsin C, catheps in D a nd elastase; 
on pmified TGase activity were measuJ"ed in several condition buffers . 
Each of fity III pmified TGase solutions (10 mM Tris/acetate buffer pH 
7.5, 1 mM EDTA and 10 mM CaCh) were added in 450 III of several 
conditions buffers containing 100 Ilg/ml of an enzyme and preincubated 
at 37°C for 0 to 30 min. These condition buffers for preinbuation were 
changed with lysosomal enzymes; 10 mM Tris/acetate buffer (pH 5.5) 
for fJ-glucmonidase and acid phosphatase, 10 mM Tris/acetate buffer 
(pH 5.0) for cathepsin C, 10 mM sodium acetate buffer (pH 3.8) for 
cathepsin D and 10 mM Tris/acetate buffer (pH 8.8) for e lastase. 
In the time com se studies, 50 III of each preincubation mixtures were 
removed by time intervals and added to 500 III of standard assay 
mixture (pH 9.5) and assayed as described above. Control samples, 
containing no lysosomal enzymes, were assayed simultaneous ly. 
The enhancement of pmified TGase activity by cathepsin D was 
assessed as follows: Fifty III of pmified TGase in 10 roM sodium/acetate 
buffer (pH 3.8), containing 1 mM EDTA, 10 mM CaCb, was incubated 
with 5-200 Ilg/ml of catheps in D in a final volume of 500 Ill. Preincu-
bations were performed at 37°C in a shaking water bath for 30 min 
prior to the assay (pH 9.5). 
RESULTS 
The crude and purified TGase activities of pH range 3.5-10.5 
were presented in Fig l. 
Crude TGase show a sharp activation peak at pH 4.5, then 
gentle slope was observed from pH 5.5 to 10.5. A mild peak was 
observed at pH 9.5. On the other hand, the purified TGse has 
no activation peaked at acidic conditions and the activation 
ratio from pH 7.5 to 10.5 showed identical slope that of crude 
TGase. The purified TGase alone show no activation peak at 
acidic 'conditions, however, strong activation was observed in 
purified TGase following a preincubation with lysosomal frac-
tion (Fig 2). 
The stimulation of purified TGase activity reached 450% of 
control at pH 4.5. Enhancement of purified TGase activity by 
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FIG 1. The effect of pH on crude and purified human epidermal 
transglutaminase activit ies. TGase assayed as per text. 0 --0 , crude 
TGase (specific activity; 17.5 units/mg); e---e, purified TGase (spe-
cific activity; 397.0 uni ts/mg). 
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lysosomal fraction showed inactive below pH 3.5 and above pH 
6.5. 
The stimulation of purified TGase activity by lysosomal 
fraction showed the concentration dependency of lysosomal 
fraction between 0 and 100 J.tg/ml (Fig. 3). The presence of 100 
J.tg/ ml lysosomal fraction caused a enhancement of pw-ified 
TGase activity up to 450% of control, however higher concen-
tration of the lysosomal fraction depressed purified TGase 
activity. 
When purified TGase was incubated with 100 J.tg/ml of lyso-
somal fraction, a time-dependent enhancement of activity was 
observed following the preincubation time 0 to 3 111' (Fig 4)_ 
Effect of inhibitors on purified TGase activity stimulated by 
lysosomal fraction is shown in Fig 5. 
Serine proteinase inhibitors such as SBTI (100 J.tg/ml), PMSF 
(1 mM) did not inhibit the activity of purified TGase stimulated 
by lysosomal fraction. Leupeptin (50 J.tg/ml) , a specific inhibitor 
of cathepsin Blo had no effect on the lysosome-stimulated 
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FIG 2. Effect of pH on pmified TGase incubated with lysosomal 
fraction. TGase assayed as per text. 
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FIG 3. Effect of concentrations of lysosomal fraction on purified 
TGase activity. Fifty pl of each TGase in 10 mM sodium/acetate buffer 
(pH 4.5) containing 1 mM EDTA a nd 10 mM CaCh was preincuba ted 
with various concentrations of lysosomal fraction in a final vo lume of 
500 Ill. Preincubations were performed at 37°C for 3 hl'. Fifty III of 
preincubated mixture was pipetted out and measmed enzyme activity 
as per text. Control samples, containing no lysosoma l fractions, were 
examined identically. 
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FIG 4. Time course of purified TGase stimulation by lysosomal 
fractio ns. Fifty III of purified TGase was preincubated in 10 mM sod ium/ 
acetate buffer (pH 4.5), 1 mM EDTA, 10 mM CaCh and lysosomal 
fraction (100 mg/ ml) in a final volume of 500 Ill. Followed the indicated 
time intervaLs, 50 III of sample was removed and assayed fo r TGase 
activity as described in Methods. Control samples were preincubated 
under the same conditions without added lysosomal fraction. 
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FIG 5. Effect of inhibitors on purified TGase activity stimulated by 
lysosomal fraction. Fifty III of purified TGase was preincubated with. 01' 
without lysosomal fraction at 37°C for 3 hI' in the presence of followlllg 
proteinase inhibitors: SET! (100 Ilg/ml) , PMSF (1 mM) , Leupeptin (50 
jlg/rnl) , Pepstatin (50 Ilg/ ml), Chymostatin (50 Ilg/ ml) , and EDTA (l 
mM). After the preincubation periods, 50 III of each sample was removed 
and TGase activity was assayed as described under Methods. The 
activity of TGase incubated in buffer a lone was 100% (control). Each 
set of inhibitors, SET! (100 Ilg/ml), PMSF (1 mM), Leupeptin (50 Ilg/ 
ml), Pepstatin (50 Ilg/ m\) , Chymostatin (50 !J.g/ml) and EDTA (1 mM) , 
was considered an individual set of experiments (0) . the percentage of 
relative remaining activity refers to the control for each of the sets of 
inhibitors. 
purified TGase activity, while pe pstatin an inhibitor of carboxyl 
proteinase such as cath epsin D inhibited t h e activity of lyso-
s ome-stimulated purified T Gase by 54%. 
Chymostatin, a strong inhibitor of acid proteinases such as 
cath epsin BJ and cath epsin D, also inhibited the lysosom e 
stimulated purified TGase activity as much as pepstatin. 
EDT A, a metal proteinase inhibitor, almost completely in-
hibited th e activity not only ofthe lysosom e-stimulated purified 
TGase but also of pUl'ified TGase at a low concen tration of 1 
mM. Direct inhibition of pW'ified TGase was not observed in 
the presence of leupep tin , pepstatin a nd chym ostatin. 
The effect of some lysosom al enzy m es on purified TGase was 
examined in Fig 6. The activity of pW'ified TGase was enhan ced 
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after limited treatmen t with cath epsin D (100 Ilg/ ml) and 
showed preincubation t in1e dependen cy. 
After 30 min preincubation, th e stimulation ratio reach ed a 
maximum, with stimulted activity about 950% of control. 
On th e oth er ha nd, treatment of pW'ified TGase with other 
lysosomal e nzyme, such as acid phosphatase (100 Ilg/ ml), f3-
glucuronidase (100 Ilg/ ml), elastase (100 Ilg/ ml) and cathepsin 
C (100 Ilg/ml) did not cause marked enh ancement ofth e enzyme 
activity. As shown in Fig 7, purified TGase was activated by 
cath epsin D a nd the activated ratio showed the concentration 
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FIG 6. Effect of several lysosomal enzymes on purified TGase activ-
ity. Purified TGase was preincubated with lysosomal enzyme. Following 
the time intervals from 0 to 30 min, 50 ~ of the preincubation mixtur 
was removed and assayed for TGase activity as described under Meth-
ods. Control samples were treated similarly without added lysosomal 
enzymes. 
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FIG 7. Enhancement of purified TGase activity by cathepsin D. 
Fifty III of purified TGase in 10 mM sodium/ acetate buffer (pH 3.8), 1 
mM EDTA and 10 mM CaCb was preincubated with 5- 200 ftg/ ml of 
cathepsin 0 in a final volume of 500 III at 37°C for 30 min. Fifty ILl of 
each sample was assayed by adding 500 III of standard assay mixtW'e 
(pH 9.5) as described in Methods. 
392 NEGI, MATSUI, AND OGAWA 
dependency of cathepsin D. At values of 100 f.l.g/ml, the acti-
vation ratio reached a maximum, with stimulated activity 950% 
of control. 
DISCUSSION 
The activity of crude TGase was enhanced remarkably after 
24 hr preincubation under acidic conditions (pH 4.5), while the 
purified TGase activi ty was not stimulated at pH range 3.5-6.5. 
Since a possible mechanisms for enhancement of crude TGase 
at low pHs might be lysosomal activators, contaminating t he 
crude TGase, we studies TGase activation in subcellular frac-
tions prepared from rat liver cells. Purified TGase was stimu-
lated at low pHs up to 4.5-fold following the preincubation with 
lysosomal fraction (100 f.l.g / ml) for 3 hr at 37°C (Fig 2). 
Since high lysosomal concentrations and long preincubation 
times caused a loss of activity, proteolytic degradation of pur i-
fied TGase itself might be occurred during lysosome stimulation 
(Fig 3 and 4). We attempt to characterize the TGase activator 
by adding several kind of proteinase inhibitors in purified 
TGase-lysosome systems, and preincubated for 3 hr at 37°C 
(Fig 5) . Pepstatin and chymostatin inhibited purified TGase 
activi ty stimulated by lysosomal fraction , which suggested that 
purified TGase might be enhanced by cathepsin B, and cathep-
sin D present in the lysosomal fraction. 
However, leupeptin, a specific inhibitor of cathepsin B" did 
not prevent stimulation by lysosomal fraction. The inhi bitory 
effect of EDT A might be resul t from direct effect of EDT A 
against TGase itself. These inhibitor studies suggested strongly 
that the p'urified TGase was stimulated by lysosoma l acid 
proteinases such as cathepsin D. 
Purified TGase preincubated with cathepsin D caused en-
hancement of TGase activity specifically amo ng other lysoso-
mal enzymes tested (F ig 6) , however, high concentration of 
cathepsin D caused a loss of TGase activity (Fig 7). This might 
suggested that proteolytic degradation of TGase itself was 
ca~ed by cathepsin D. Characterization of cathepsin D-stim-
ulated TGase was attempted by several procedLU'es. There was 
no appa rent ch ange in molecular weight of the stimulated 
enzyme with the native enzyme by SDS electrophoresis, nor 
were there differences seen by disc electrophoresis. Therefore, 
the possible mechanisms of this T Gase activation system may 
be caused by molecular conformation changes of TGase itself 
or dissociation of small molecular weight inhibi tor which could 
not be detected by SDS gel-electrophoresis. 
These results were similar to trypsin-stimulated TGase as 
described by P lishker , Thorpe, and Goldsmith [12]. They dem-
onstrated that the activity of purified human TGase was en-
hanced 3-fold after limited treatment with trypsin , with no 
apparent change in electrophoretic mobility and immunological 
properties. The most likely examination for the observed stim-
ulation , th ey t hought, appeared to be a conformational change 
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and would account for previous data concerning heat-stimu-
lated and dimethylsulfoxide-stimulated enzym e [1]. 
Our studies indicated the stimulation in TGase activity after 
limited treatment with cathepsin D may suggest that in vivo 
control of TGase activity can be exercised during t he process of 
enzy matic autolysis in granular layer by released lysosomal acid 
proteinases. Cathepsin D has been ident ified in human epider-
mis by Levine, Hatchen, and Lazarus [13] ut ilizing a highly 
sensitive radioactive method. They revealed the existence of 
cathepsin D in human epidermis. Pool, Dingle, and BalTett [14] 
have demonstrated cathepsin D in chick epidermal cell cultLU'es 
and Lazarus & Pool [15] using immunocytochemical techniques 
have localized this enzyme in the basal and granular layer of 
rabbit epidermis, These studies suggest that cathepsin D which 
might be released from lysosomes activated TGase in vivo. 
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